ABSTRACT -The theory of Darwinian Medicine linked to an extension of Darwin's evolutionary theory is based on the approach from the aspect of "why we become ill?". This theory enables us to understand the relationship between humans and diseases by thinking from evolutional perspective, shows an important help for preventive medicine, and is meaningful to consider the future human healthcare. Toxicology has been defined as a research of adverse effect of xenobiotic substances backed up by diverse-sciences. Toxic effects are basically responses to xenobiotic substances, and expressed as triggering or additional accelerating adverse effects toward abnormal condition. Toxic effects, biological adverse responses, are interpreted as protective responses of living body, and the adverse effects caused by drugs are also considered to be protective responses. This logic can be translated as "Darwinian Toxicology" corresponding to "Darwinian Medicine", replying to "why we get into toxic condition by xenobiotics exposure". This paper refers to the meaning of toxic effects based on mechanisms underlying and comprehensive drug safety evaluation from Darwinian Medicine perspectives.
INTRODUCTION
The theory of Darwinian (or evolutionary) Medicine has been increasingly advocated since the 1990s. Whereas the approach pursued in traditional medicine has been to answer the questions of what causes diseases and how we become ill, this theory is based on an approach from the aspect of why we become ill. The proposition that most diseases are caused by the relationship between genetic and environmental factors is linked to an extension of Darwin's theory of evolution. In addition, the theory of Darwinian Medicine readily enables us to develop a logical framework to understand the relationship between humans and diseases by thinking about diseases from an evolutionary perspective, showing the potential to be of great assistance in the field of preventive medicine and relevant to the future of human healthcare.
Toxicology has been defined as research on the adverse effects of xenobiotic substances, and is supported by diverse other fields of science (multi-disciplinary science); namely we are obliged to make an approach for toxicity evaluation from a variety of scientific standpoints. Recently, in the field of toxicology, scientists have been researching how resistance to toxicants can be enhanced by new science and technology in the field of molecular biology. Toxic effects are basically responses to xenobiotic substances (drugs), expressed as a triggering or acceleration of a biological processes leading from a normal to an abnormal condition. The similar logic is reflected in the relationship between Darwinian Toxicology and Darwinian Medicine. A toxic effect, an adverse biological response, is interpreted as a protective response of the living body, so an adverse effect caused by a drug could also be considered to be a protective response in the broad sense of the term. This paper discusses the positioning of mechanisms of expression of toxic effects, interpretation and evaluation of toxicity study results, and comprehensive drug safety evaluation from such a perspective.
Background to the Proposition of Darwinian Medicine
For a variety of diseases, symptoms have been revealed to be protective reactions of the living body, and genes that had been thought to cause diseases have come to be seen as beneficial to human survival. This kind of thinking, which underpins the theory of Darwinian Medicine, was pioneered by researchers in the medical field such as Paul Eward and Randolph Nesse, and an evolutionary biologist, George Williams in the 1990s (Nesse and Williams, 1995) . In traditional medicine, scientists have researched what causes diseases or how we get ill by elucidating originated genes and their expression modes. However, this approach has shortcomings when considering diseases from the perspective of why we get ill (Lappe, 1994) . In Darwin's theory of evolution (Darwin, 1859) , all living organisms are thought to be results of the evolutionary process of natural selection, in which it is of great importance whether the direction of mutation is toward an allelic gene that confers resistance to a particular disease. Genes are involved in morphogenesis and the functional expression of each organ within the biological body, and the elimination of unfavorable characters (genes) over generations (Zimmer, 2007) . Since natural selection is in the category of biological adaptation, it is not so difficult to understand biological events from a medical standpoint in the context of evolution. In this way, medical researchers can find it useful to understand diseases and to explain infections, toxication, injury, genetic diseases, allergy, cancer, mental disorders, childbirth, adult diseases, and aging based on research into evolutionary medicine, and there is also a benefit for preventive medicine. It is important to see disease components from an evolutionary perspective in order to understand the relationship between humans and disease, and it is also meaningful to think about the future relationship between humans and disease. As Imura (2006 Imura ( , 2008 has said, "Evolutionary medicine is a learning methodology in which an understanding of the mechanism of disease is gained from an evolutionary perspective rather than through its provisions." At any rate, the proposition that most diseases are caused by a relationship between hereditary factors and environmental factors is linked to an extension of the theory of evolution that Darwin propounded.
Steps toward Darwinian Toxicological Thought
Toxicology has been defined as research on the adverse effects of xenobiotic substances. Disciplinary boundaries of toxicology are related to many diverse fields of supporting research, and a combination of approaches from various standpoints, such as pathology, pharmacology, biochemistry, and physiology is required. In a recent toxicology, scientists have researched on related corresponding changes in toxicant by using new science and technology on molecular biological sciences. Namely, an approach in which molecular toxicology is supplemented by many other scientific disciplines has been advocated, and is widely accepted at the present time. It may be no exaggeration to say that toxic effect expression of drugs exists in this thinking category. The mechanisms of toxicity expression are generally understood to function in the following four steps (Klaassen, 2008) :
1) Exposure to a toxicant (processes of delivery to the target-site: absorption, distribution, excretion, reabsorption, detoxification, and toxication), 2) Reaction of toxicant with target molecules (reaction pattern: non-covalent binding, covalent binding, dehydrogenation, electron transfer, and enzymatic reaction; response of target molecules: functional disorder, destruction, and immune response) 3) Cellular dysfunction and resultant toxicities (cellular dysfunction: dysregulation of gene expression and ongoing cellular activity; impairment of cellular maintenance: cell maintenance disorder and function maintenance disorder internal/external to the cell) 4) Recovery and recovery disorder (molecular recovery: protein, fat, and DNA repair; adaptation: increasing/decreasing repair; cell/tissue repair: degeneration, necrosis, fibrosis, apoptosis, proliferation, and carcinogenesis). Taking these toxic effects into consideration from the aspect of organoid, cell, tissue or organ, above toxic process of series in toxic effects means defensive reactions against xenobiotic substances in living body. Such a defensive reaction is a normal phenomenon for toxicity proceeding from homeostatic function maintenance to disorder expression (functional and organic disorders), and ultimately to death when viewed from each perspective. Thinking from this point of view, it can be said that toxic effects caused by a xenobiotic substance initially trigger or further accelerate the process from a normal toward an abnormal condition. This logic can also be seen as underpinning the relationship between Darwinian Toxicology and Darwinian Medicine. The adverse biological reaction, the toxic effect, is a defensive reaction of the body, and side effects induced by drugs are also defensive reactions in the broad sense of the term. Moreover, it may be no exaggeration to say that these genes (gene expression thought to trigger toxic effect expression) are working to maintain the living body or seeking some advantage for its continuance (Bickham and Smolen, 1994) . With employing risk assessment or risk management to evaluate the toxic effects of a drug toxic from the perspective of Darwinian Toxicology, it is possible to manage drug safety evaluation, and to reach the correct judgment on whether the relevant toxic effects are critical or manageable.
Traditional toxicology focuses on a pursuit of what causes toxic effect, and how we can fall into a toxic condition, and recently scientists have sought explanations for the causal mechanisms from new areas of scientific research such as molecular toxicology. However, these approaches by themselves are not sufficient to explain why we can fall into a toxic condition after exposure to a xenobiotic. The approach of Darwinian Toxicology is to research how drugs can work as a trigger for toxic effects, and how they influence the induction of toxic effects. This approach could prove to be a fruitful way to understand complicated toxic effects from a stable viewpoint for appropriate risk assessment and risk management ( Fig. 1 ).
Mechanisms Underlying Toxic Effect
Prior to the emergence of the theory of Darwinian Toxicology, it was essential to identify/clarify the toxic effect and its mechanism from diverse scientific perspectives for drug safety evaluation (Boelsterli, 2007) . The mechanism for the appearance of toxicity is considered from various perspectives in the sections outlined below.
Mechanism for the appearance of toxicity from a general toxicological perspective
The toxic effect of a drug and its level can vary greatly depending on exposure (amount of exposure and period for which it is sustained) at the target site. The reaction between the target molecules and the toxic effect-inducing substance at the target site are expressed in patterns (noncovalent binding, covalent binding, dehydrogenation, electron transfer, enzymatic reaction, etc.). After exposure to a compound, toxic expression begins as it interacts with target molecules, and this is followed by biological change toward the appearance of toxicities such as functional disorder, destruction, regeneration, and disruption of cells. Cells in the living body are constantly participating in function adjustment. If toxic effects extend to targets involved in cellular regulation including the signaling system, toxicities corresponding to impaired expression of genes (improper expression: cell proliferation to tumor formation, apoptosis to cell involution and teratogenesis, protein synthesis to peroxisome proliferation, etc.) or cell function maintenance abnormality (improper neuromuscular activity: tremor, paralysis, insult, cardiac arrhythmia, and paresthesia) may appear. In the case of a toxic effect on cell maintenance, intra-cellular (cell Fig. 1 . Toxicological/Pharmacological Action-Process in a Cell. Vol. 35 No. 4 disorder and necrosis: disorders of ATP synthesis, calcium ion control, protein synthesis, micro-tubular function, and cell membrane function), or extra-cellular functional disorder (total system functional disorder: hemostasis and bleeding) is expressed.
Mechanism for the appearance of toxicity from diverse scientific perspectives
From the cytological perspective of efficacy and toxic effect in target cells ( Fig. 1) :
Compounds are considered as xenobiotics for the living body, and toxic effects may vary greatly depending on to how much and for how long the relevant target cells are exposed. The pattern of exposure to the compound for the relevant target cells is determined from the ways of uptake (trans-membrane absorption: transporters, involvement of circulatory system: distribution by circulating blood), subsistence (involvement of drug-metabolizing enzymes), and excretion (trans-membrane excretion: transporters; involvement of the excretory system: excretion in the blood, bile, and/or urine). Unchanged drugs or various metabolites have an action on the target receptors in cells, and a toxic effect is induced by this interaction; excessive responses or amounts of functional substances in cells (DNA, RNA, mRNA, tRNA, miRNA, siRNA, protein, lipids, and carbohydrates) can appear. In addition, such toxic effects are often manifested as organic disorder in cells.
From the pathological/physiological perspective of histopathlogical reaction (Fig. 2) :
Following exposure to primary stimuli (xenobiotics), foreign substance recognition, physiological function change, endocrinological change, and organic damage are systemically seen as histopathological and physiological reactions against foreign substances in the living body. After the initial reaction to foreign substance recognition acts as a trigger, leukocyte infiltration/migration, phagocytosis, and production of antibodies against the foreign substance are induced, followed by tissue/organ changes such as vascular and intimal inflammatory changes, encapsulation formation, and cell degeneration. Moreover, vascular contraction/expansion, hyperemia, and hyperplastic changes occurring as functional/endocrinological reactions become advanced or organic changes. Further consequences are the emergence of degeneration, necrosis, and abnormal cell differentiation, and sometimes carcinogenesis and teratogenesis. The recovery process of changing back to a normal condition progresses in parallel with the above-mentioned toxicological changes as reinforcement of degeneration, necrosis, and phagocytosis in the abnormal region.
From the pharmacological/toxicological/pharmacokinetical perspective of toxicity onset (Fig. 3) :
Various target cells play a role in gene regulation through the process (absorption, distribution, metabolism, and excretion) of elimination of xenobiotics. The cellular incorporation of a xenobiotic causes reactions with target molecules at the receptor level through gene regulation, and is expressed as a pharmacological effect. If the action is excessive and it falls into the category of a toxic reaction as a cell functional disorder or cell disruption, it is expressed as a toxic effect. In parallel with induction of a toxic effect by a cell disorder, body function disorders are seen, followed by recovery reactions to eliminate the disorder. By going through this series of reactions looking at the pharmacokinetics (PK) of the compound as absorption, distribution, metabolism, and excretion, an understanding of the conditions of exposure (concentration and time to saturation) at the target site is gained, and efficacious and toxic effects are defined pharmacologically and toxicologically as functional disorder, tolerance, disruption, and recovery, which are all part of the body's defenses.
From the biochemical perspective of body reaction based on molecular biological research:
A biochemical approach from the standpoint of molecular biology is necessary to elucidate the mechanisms for body defense, tolerance, disruption, and recovery after exposure to a xenobiotic. Considering the biological meaning of the toxic effect (from the standpoint of molecular toxicology) based on the biochemical reactions in target cells, the mechanisms of toxic effect expression can be classified broadly as follows:
-Transfer in the cells and preferential accumulation of toxic effect-inducing substance -Biological activation of metabolization -Oxidative stress: cellular disorder, signal transduction, and gene regulation -Disorder and deterioration of cellular calcium homeostasis -Necrotic and apoptotic cell death -Functional disorder in cell growth and tissue repair -Covalent linkage between active metabolite and cells, high molecular mass -Immunological function disorder -Disorder related to cytokines -Specific inactivation of enzymes and other proteins -Disorder related to nuclear receptors -Interaction with transporters -Cell energy production disorder -Individual gene expression disorder Detailed information is laid out in the references con-cerned (Nelson and Pearson, 1990; Bursch et al., 1992; Boelsterli, 1993; Buja et al., 1993; Baumann and Gauldie, 1994; Raghow, 1994; Hardman et al., 1995; Cohen et al., 1997; Wyllie, 1997; Darzynkiewicz et al., 1998; Kroemer et al., 1998; Toivala and Eriksson, 1999; Daniel, 2000; Wallace and Starkov, 2000; Blatt, 2001; Williams, 2001; Boatright and Salvesen, 2003; Roth et al., 2003; McGowan and Russell, 2004; Meijer and Codogno, 2004; Moggs 
Application of Darwinian Toxicology to Drug Safety Evaluation
Overall view of Darwinian Toxicology thought is shown in Fig. 4 . Darwinian Toxicology focuses attention on understanding and evaluating toxicological study results for the relevant compound. As a result of considering the toxic effect expression mechanisms above from diverse scientific perspectives, events that a living body recognizes compounds (drugs) as foreign substances lead to functional and organic changes themselves. The outcome is an additional, accelerated reaction in a normal biologically living body (organoid cells, cells, organs, and tissues), as a toxic effect against the process of maintenance, regeneration, division, proliferation, degradation, and disruption. The biological reaction, the toxic effect, is expressed as a defensive reaction of the body, and gene expression is thought to trigger the induction of the toxic effect for the purpose of body maintenance or survival. Reactions related to homeostatic maintenance and regeneration are shown as changes such as vasodilatation, bleeding, thrombus, infarction, deposition, and accumulation, changes related to decomposition and disruption are expressed as degeneration, necrosis, apoptosis, phagocytosis, and organification, and changes related to division and proliferation are shown as carcinogenesis (tumorigenic transformation), teratogenesis (developmental anomaly), and hyperplasia (accelerated proliferation). It is important to clarify the generation of toxic change and the action mechanism with an approach based on Darwinian Toxicology looking at drug exposure.
Interpretation and evaluations of toxicity study results
The aim of a toxicity study for drug safety evaluation is to clarify what toxic effect is induced and the corresponding exposure level that it is induced at, and to determine the highest level of exposure at which there is no toxic effect (no-observed-adverse-effect level). It is necessary to make a judgment on the relationship between exposure and toxic effect, on which changes are actually toxic effects, and on whether the toxic effect is critical. Moreover, an overall safety evaluation of the toxicity needs to consider its grade, action mechanism, reversibility, therapeutic index (TI), and clinical relevance.
Considering from the idea of Darwinian toxicological perspective, "pharmacological effect as efficacy" and "toxicological effect as adverse effect" exist on consequence line. "How induced toxic effect is explained from Darwinian toxicological perspective" is meaningful for safety evaluation of the drug. 
Identification of toxic effect
A safety evaluation in a toxicity study starts by trying to identify the toxic effect. The first step is to ascertain what toxic effect there was by scientifically reviewing the results (findings and changes) of the toxicity study. Initially, changes that statistically significant differences are seen, and that deviate from the limit of background data and spontaneously arising findings as physiological variation should be flagged as "findings and changes" that thought to be possible to have relationship with drug administration. Among them, changes that have statistically significant difference with dose-correlation and changes greatly deviated from physiological variation or background data should be evaluated as "toxicologically significant changes". When seeing specification of toxic effect from Darwinian toxicological perspective, "specified change" means clear additional and accelerating reactions toward abnormal condition as a foreign substance recognition and its responding action.
Generally, the biological reaction induced by a foreign substance is classed as an efficacious or an adverse effect. When viewed from the perspective of the target of the biological reaction, toxic effects are divided into those that are an extension of efficacy, and those that are not an extension of efficacy. When the target corresponds to the pharmacological target, the induced change can be understood as an extension of efficacy, and when the toxic effect is not induced on the pharmacological target, it is generally understood not to be an extension of efficacy. It is often difficult to draw a line between these two classifications because the targets can appear to come into both categories (Fig. 5) . To fully resolve this dilemma, a diverse scientific approach utilizing the latest developments in science and technology will be needed. It is meaningful to clarify the mechanism of expression for the toxic effect expression and how the relevant drug adds and accelerates the process to induction of the toxic effect based on the thinking embraced by Darwinian Toxicology. This basic idea will lead to and develop systems biology and systems toxicology (Hirabayashi and Inoue, 2008) .
In the case that the potential occurrence of critical change in humans such as direct gene disorder (genotoxicity, carcinogenicity, and teratogenesis), living function disorder (sensory toxicity), or an irreversible toxic effect (severe organic disorder) is observed as a critical toxic effect in a toxicity study, it is always difficult for judging whether continues the ongoing clinical development as long as the mechanism is being clarified about human relevance. When the toxic effects are not critical, it is permissible to proceed to develop in consideration of the appropriate exposure conditions such that the induction of toxic effects is in a category capable of being controlled by gene expression. Pharmacokinetics (PK; absorption, distribution, metabolism, and excretion) profiles from toxicokinetics (TK) data assist in making a reasonable evaluation of safety in humans. It is essential to evaluate the relationship between toxicity and drug exposure from the perspective of systemic exposure in any consideration of safety (Sugiyama et al., 1996; Horii, 1999) . A typical drug safety study (toxicology study) is conducted based on traditional administrative doses; however, we can get a more rational safety assessment by considering blood level (AUC and Cmax) indices. In some specific cases such as saturation of absorption, metabolism, or excretion, drug metabolism induction, accumulation, or aging effect, TK parameters are not always linked to administrative doses. Basically, once administered, drugs are absorbed at the relevant site, distributed to tissue through blood circulation, and they reach the target site and cause a pharmacological or toxic effect. The strength of the efficacy/ toxicity is thought to be determined by the drug exposure level, and also partially by the sensitivity of the expression site. In addition, it is necessary to quantify the volume excreted during distribution pharmacokinetically and to consider the active metabolite (Lin et al., 2003; Ekins et al., 2005) , (Fig. 6) . Taking exposure into consideration based on PK/TK, the theory of Darwinian Toxicology can be applied to the toxic effects to make a risk assessment and a consideration of risk management for any additional and accelerating responsive reaction in the living body (homeostatic maintenance reaction, regeneration, division, proliferation, and degradation).
Overall safety evaluation: safety evaluation from the clinical viewpoint
The determination of the mechanism of toxicity expression, the grade of expression, and the reversibility of toxicity are important for an evaluation of safety in humans. The corresponding adverse effects predicted from an extrapolation to humans should be considered. It is essential to explain the mechanism of toxic expression in order to demonstrate whether or not a toxic effect is specific to an animal species, and what is its relevance to humans.
The level of expression can generally be quantified as a toxic or non-toxic level, but the judgment on this level could differ depending on the type of toxicity expressed. Besides safety evaluation, consideration is often given to the whether the drug is novel and represents an innovation. When a drug has a revolutionary pharmacological effect, some degree of toxic effect can be accepted for human application. In such an evalaution, the recovery after a cessation of administration (whether it recovers quickly, whether it takes long time to recover, or it does not recover at all) can be an important point.
Another important index when conducting a clinical trial is the safety margin, which is actually evaluated as the TI. The TI in a clinical trial is usually derived by dividing a non-toxic exposure level for target toxicity by the estimated effective blood concentration in humans. The TI is set for the dose to be applied corresponding to each drug indication and type of toxic effect. Even in a case of the same toxic effect, TI can vary greatly depending on the indication. Considering that a toxic effect seen in animals can appear in human as an adverse effect, the setting of appropriate biomarkers to predict the expression of the adverse effect, and procedures for emergency treatment of the adverse effect are critical requirements for safety control from a clinical perspective. In short, if a minimum TI is secured, appropriate biomarkers are set, and an emergency treatment procedure is established, it can be possible to conduct a clinical trial smoothly without further restrictions attached (Fig.7) .
The establishment of a comprehensive system for the evaluation of parameters based on toxic effect expression mechanism, body exposure, therapeutic index, and biomarker detection is expected in the future safety evaluation. By combining with an interpretation of toxicity data in nonclinical study from the perspective of Darwinian Toxicology and an interpretation of clinical trial data from the perspective of Darwinian Medicine, approach for systems biology/toxicology is highly desirable to open the door for ultimate level of safety risk assessment and management.
CONCLUSION
The toxic effect of a drug is expressed as a defensive reaction by the body against a foreign substance. The toxic effect caused by a foreign substance can be said to be a trigger to an abnormal condition, or additional or accelerating action leading to such an abnormal condition in contrast with the course of normal function maintenance to avoid abnormal conditions. This can be seen as the logical framework that links Darwinian Toxicology as a response to Darwinian Medicine. The biological reaction, the toxic effect, is expressed as a defensive reaction in the body, thus the induced adverse effect caused by the drug can also be seen as a defensive reaction in the broad sense of the term. It is thought that, with risk assessment and risk management, a judgment can be made as to whether the toxic effect of the relevant drug is critical or manageable, and as to how to avoid risks of drug toxicity in an evaluation from the perspective of Darwinian Toxicology.
In recent years, scientists have strived to clarify toxic effect expression mechanisms with the introduction of new fields of research such as molecular toxicology. It is important to approach an evaluation of a compound from the angle of why exposure to it causes toxic effect expression (Waring and Ulrich, 2000; Pognan, 2004; Waters and Fostel, 2004; Orr, 2006; Waters and Yauk, 2007) . Darwinian Toxicology helps us to easily understand how drugs work as triggers of toxic effects and how toxic effects are induced, in a drug safety evaluation. It offers the prospect of a valuable method to consider the reaction to toxic effects for which appropriate risk assessment and risk management would otherwise prove complicated. 
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